Periodic transit timing variations and refined system parameters of the
  exoplanet XO-6b by Garai, Zoltán et al.
ar
X
iv
:1
91
1.
07
05
4v
1 
 [a
str
o-
ph
.E
P]
  1
6 N
ov
 20
19
MNRAS 000, 1–11 (2019) Preprint 19 November 2019 Compiled using MNRAS LATEX style file v3.0
Periodic transit timing variations and refined system
parameters of the exoplanet XO-6b
Zolta´n Garai,1,2,3⋆ Theodor Pribulla,3,2,1 Richard Komzˇ´ık,1 Emil Kundra,1
L’ubomı´r Hamba´lek,1 and Gyula M. Szabo´2,3
1Astronomical Institute, Slovak Academy of Sciences, 05960 Tatranska´ Lomnica, Slovakia
2MTA-ELTE Exoplanet Research Group, 9700 Szombathely, Szent Imre h. u. 112, Hungary
3ELTE Gothard Astrophysical Observatory, 9700 Szombathely, Szent Imre h. u. 112, Hungary
Accepted XXX. Received YYY; in original form ZZZ
ABSTRACT
Only a few exoplanets are known to orbit around fast rotating stars. One of them is
XO-6b, which orbits an F5V-type star. Shortly after the discovery, we started mul-
ticolor photometric and radial-velocity follow-up observations of XO-6b, using the
telescopes of Astronomical Institute of the Slovak Academy of Sciences. Our main sci-
entific goals were to better characterize the planetary system and to search for transit
timing variations. We refined several planetary and orbital parameters. Based on our
measurements, the planet XO-6b seems to be about 10% larger, which is, however,
only about 2σ difference, but its orbit inclination angle, with respect to the plane of
the sky, seems to be significantly smaller, than it was determined originally by the
discoverers. In this case we found about 9.5σ difference. Moreover, we observed peri-
odic transit timing variations of XO-6b with a semi-amplitude of about 14 min and
with a period of about 450 days. There are two plausible explanations of such transit
timing variations: (1) a third object in the system XO-6 causing light-time effect, or
(2) resonant perturbations between the transiting planet XO-6b and another unknown
low-mass planet in this system. From the O-C diagram we derived that the assumed
third object in the system should have a stellar mass, therefore significant variations
are expected in the radial-velocity measurements of XO-6. Since this is not the case,
and since all attempts to fit radial velocities and O-C data simultaneously failed to
provide a consistent solution, more realistic is the second explanation.
Key words: planets and satellites: individual: XO-6b – techniques: photometric –
techniques: radial velocities – methods: observational
1 INTRODUCTION
Based on the on-line exoplanet catalogs1, more than 4120
confirmed exoplanets in 3063 planetary systems were dis-
covered up to November 2019. The total census of tran-
siting exoplanets is more than 2960 planets in 2223
planetary systems. Up to this date, the most success-
ful transiting-exoplanet searcher is the Kepler space tele-
scope (Borucki et al. 1996, 2004, 2011), launched in 2009
and decomissioned in 2018. The Kepler and K2 missions
(Howell et al. 2014) together discovered 2734 confirmed
transiting exoplanets. On the other hand, Kepler parent
stars are relatively faint in general and, therefore, difficult for
⋆ E-mail: zgarai@ta3.sk
1 See for example https://exoplanetarchive.ipac.caltech.edu
or http://exoplanet.eu.
ground-based radial velocity (RV) follow-up observations.
This is the reason, why other methods were used for confir-
mation of Kepler exoplanet candidates: for example, confir-
mation from induced variability (Shporer et al. 2011), from
multi-planet statistics (Lissauer et al. 2012), or from imag-
ing (Law et al. 2014). This is also the reason, why the all-sky
TESS mission (Ricker et al. 2014), launched in 2018, and
the planned CHEOPS mission (Broeg et al. 2013), targeted
bright stars.
To get true masses of the exoplanets via RV measure-
ments (Mayor & Queloz 1995) we need planets transiting
in front of bright stars. Interesting, but not surprising is the
fact that the vast majority of these systems in the Kepler era
was discovered not by the above mentioned Kepler and K2
missions, but by ground-based transit surveys, like HATNet
(Bakos et al. 2009), SuperWASP (Street et al. 2003), or XO
(McCullough et al. 2005). For our follow-up observations, we
© 2019 The Authors
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selected the transiting exoplanet XO-6b, discovered recently
by Crouzet et al. (2017) within the framework of the XO
project, which started in 2005. In 2011, a new version of
XO instrument was developed and installed at three obser-
vatories: (1) at Vermillion Cliffs Observatory in USA, (2)
at Observatorio del Teide in Spain, and (3) at Observatori
Astrono´mic del Montsec, also in Spain. Each XO observa-
tory consists from two 10 cm diameter and 200 mm focal
length Canon telephoto lenses, equipped with an Apogee
E6 1024 × 1024 pixels CCD camera, mounted on a German-
Equatorial Paramount ME mount. All six lenses and cam-
eras operate in a network configuration, scanning the same
segment of the sky. The XO project discovered six transiting
exoplanets up to November 2019 (Crouzet 2018), the last one
is XO-6b, which orbits a relatively bright (V ≈ 10.2mag), hot
(Teff ≈ 6720 K), and fast rotating (v sin i ≈ 48 km s
−1) parent
star XO-6 (TYC 4357-995-1). Its equatorial coordinates are
the following: R.A. 06:19:10.3604 and Dec. +73:49:39.602
(J2000.0). The mass of the star is Ms = 1.50(3) M⊙ and its
radius is Rs = 1.86(16) R⊙. The exoplanet XO-6b is also very
interesting, since it is a transiting hot Jupiter with the mass
of Mp < 4.4 MJup and the radius of Rp = 2.07(22) RJup on a
prograde and misaligned orbit, with the λ = −20.7(2.3) deg,
which is the sky-projected angle between the stellar spin
axis and the planetary orbit axis. The orbital period of the
planet, Porb = 3.765000(8) days, is longer than the rotation
period of the parent star, Prot < 2.12 days (Crouzet et al.
2017).
In 2017, shortly after the discovery, we started mul-
ticolor photometric and RV follow-up observations of the
newly discovered transiting exoplanet XO-6b, with the main
scientific goals to better characterize the planetary system
and to search for transit timing variations (TTVs). Our
motivations were the following: (1) As of November 2019,
only discovery and initial follow-up observations published
by Crouzet et al. (2017) are available. We decided to carry
out an independent follow-up campaign, with the time-base
of at least 1 year. (2) The discoverers (C17) noted that an
extensive RV campaign would be necessary to measure the
mass of the planet with greater confidence. Only the 3σ up-
per limit on planet’s mass was derived up to now, which
is 4.4 MJup. The precision of RV measurements is negatively
influenced by the large rotational velocity of the parent star.
(3) XO-6b is a planet, which orbits and transits a fast ro-
tating parent star. Only a few similar exoplanets are known.
(4) C17 found no evidence for TTVs. On the other hand,
if we take a look at the O-C diagram of XO-6b transits,
presented in the Exoplanet Transit Database2 (ETD), this
diagram shows clear TTVs (Poddany´ et al. 2010). The no
detection of C17 can be due to the relatively short time
span and not optimal time sampling of their observations,
and/or higher uncertainties in their O-C values.
TTVs were identified only in the case of a few hot
Jupiters. The suspected outer companions are planets and
brown dwarfs, and in one example, a multi-planet sys-
tem is suspected in the outskirts. In some cases, the
outer companions are also known to exhibit their signal
in the RV measurements, as well, while distant compan-
ions of other exoplanets are only known by RV solutions.
2 See http://var2.astro.cz/ETD/.
Nascimbeni et al. (2013) observed a non-periodic TTV in
WASP-3b transits with an unknown origin, while the likely
explanations include a possible multi-planet outer system.
Maciejewski et al. (2013) give a joint solution of photo-
metric TTVs and RV measurements of the WASP-12 sys-
tem, leading to a solution with a 0.1 MJup mass exo-
planet. Neveu-VanMalle et al. (2016) reports that RV mea-
surements of WASP-47 is compatible with an outer com-
panion of a similar mass than the transiting exoplanet, in
the order of 1 MJup. In the case of WASP-41, the scatter
in RV fitting reduces to 1/10th of its value when adding a
second planet to the fit, which is an evidence for an outer
planet in WASP-41, as well. Dawson et al. (2012) give a so-
lution to KOI-1747.01, concluding on an outer brown dwarf
with a 24MJup mass. Knutson et al. (2014) reported that the
second companion in three exoplanets, including HAT-P-13,
are suspected brown dwarfs. WASP-8 is a double system,
derived from the RV acceleration, with no mass solution for
the ”c” planet. Similarly, the outer companion of WASP-
34b is likely a brown dwarf. Hartman et al. (2014) reported
about an increased scatter of HAT-P-44 and HAT-P-46 that
can be explained by a 2-planet fit and a possible 2-planet
solution is also suggested to HAT-P-45, with less confidence
based on the available data. Some known examples of TTVs
has recently been debated. Seeliger et al. (2014) show that
suspected TTVs in the transit O-C of HAT-P-32b can in
fact be explained assuming only one planet, after improv-
ing the linear fit. Wang et al. (2018) show that observations
of HAT-P-25b is also compatible to a single planet solu-
tion. These examples are, however, relatively rare to the
number of known hot Jupiters, and because of this rarity,
a bimodal formation of close planet systems has been sug-
gested, see Sandford et al. (2019) and references therein. As
possible outcomes, one major hot Jupiter alone, or several
lower-mass planets on either close-in and/or more distant
orbits. This model is successful in explaining the structure
of the distribution of transiting planets and is compatible
with the current understanding of planet formation, as well.
However, each system, where a hot Jupiter is detected with
an outer, especially planet-mass companion, is a challenge
that has to be explained as an exception. This is why the
characterization of the transiting planets and the TTV/RV
measurements is a central question for all the known cases.
The paper is organized as follows. In Section 2 a brief
introduction to instrumentation and data reduction is given.
The follow-up photometry and spectroscopy is detailed in
Section 3. The analysis of TTVs is described in Section 4.
Our findings are summarized in Section 5.
2 INSTRUMENTATION, OBSERVATIONS,
AND DATA REDUCTION
The follow-up observations were performed at Astronomical
Institute of the Slovak Academy of Sciences3 (AI SAS). The
institute operates several telescopes at different observing
stations. Our multicolor photometric observations were per-
formed mainly at the Stara´ Lesna´ Observatory of AI SAS,
3 See https://www.ta3.sk/.
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Table 1. Log of multicolor photometric observations used in our
analysis. Table shows number of scientific frames per passband,
obtained during the given observing night at given observatory:
G2 – Stara´ Lesna´ Observatory, G2 pavilion; SP – Skalnate´ Pleso
Observatory.
Evening date B V R I Observatory
2017-03-14 269 253 238 256 G2
2017-05-17 189 191 193 188 G2
2017-06-01 77 77 86 81 SP
2017-07-20 224 213 209 221 G2
2018-04-02 209 201 198 209 G2
2018-08-08 276 232 267 275 G2
2018-10-11 120 122 122 123 G2
2019-03-22 167 124 161 0 SP
Frames total 1531 1413 1474 1353 5771
in its G2 observing pavilion. It has the geographical coor-
dinates of 20◦17’25”E and 49◦09’10”N, and it is located at
810 m a.s.l. Photometric observations were also obtained at
the Skalnate´ Pleso Observatory of AI SAS. It has the coor-
dinates of 20◦14’02”E and 49◦11’22”N, and it is located at
1786 m a.s.l. The spectroscopic observations were obtained
at the Skalnate´ Pleso Observatory only.
2.1 Photometric observations and data reduction
Our photometric observations were obtained between March
2017 and March 2019. We started the monitoring of XO-6b
transits at the G2 pavilion of Stara´ Lesna´ Observatory, us-
ing the 0.6 m (f/12.5) Zeiss Equatorial Cassegrain reflecting
telescope, equipped with an FLI ML-3041 2048 × 2048 pix-
els CCD camera. This instrument was already used with
success, for example, during the YETI campaigns on NGC
7243 (Garai et al. 2016). At the Skalnate´ Pleso Observatory
(SP) we used the newly installed 1.3 m (f/8.36) Astelco Alt-
azimuthal Nasmyth-Cassegrain reflecting telescope. At this
observing site we used an MI G4-9000 3048×3048 pixels CCD
camera at the first observation (See Table 1), later the photo-
metric detector was changed to an FLI PL-16803 4096×4096
pixels CCD camera. We alternated Johnson-Cousins B, V,
R, and I filters during the observations (Bessell 2005), and
since the target star is relatively bright (V ≈ 10.2 mag), we
applied quite short integrations of 20 sec, 20 sec, 10 sec, and
10 sec in B, V, R, and I passbands, respectively. We observed
11 individual transit events in total, but, unfortunately, we
had to discard 3 photometric measurements during the anal-
ysis, due to the low data quality. The log of the remaining 8
multicolor photometric observations used in our analysis is
given in Table 1.
The obtained photometric observations were reduced
using the software package IRAF4. The reduction included
dark and flat corrections, astrometric calibrations and differ-
ential photometry. We applied differential photometry in 2
modifications. As a first modification we applied differential
photometry using a comparison star and a check star. For
this method we selected the closest stars of similar bright-
ness. We used the star 2MASS J06190411+7349116 as a
4 See https://github.com/iraf-community/iraf .
comparison star, and the star 2MASS J06182685+7350022
as a check star. As a second modification we applied differen-
tial photometry using an artificial standard star as described
by Broeg et al. (2005). In this case, all stars in the field were
used to create an artificial standard star, but the more pho-
tometrically stable stars were assigned higher weights. This
artificial standard star was used to calculate the differential
magnitudes of all objects, including XO-6. Finally, we com-
pared the results from the first and the second modifications
of differential photometry and selected the light curves with
smaller scatter. Subsequently, we converted all time-stamps
from Heliocentric Julian Date (HJD) to Barycentric Julian
Date in Barycentric Dynamical Time (BJDTDB), using the
on-line applet HJD2BJD5 (Eastman et al. 2010). After the lin-
ear trend, due to the second-order extinction, was removed
from the photometric data, we cleaned light curves from
outlier data points. We used a 3σ clipping (where σ is the
standard deviation of the light curve), according to effec-
tive cleaning, as well as in order to avoid cleaning in-transit
points. Resulting individual light curves were used during
the next analysis (See Sect. 3).
2.2 Spectroscopic observations and data reduction
Our spectroscopic observations were obtained between
September 2018 and February 2019 at the Skalnate´ Pleso
Observatory, using the 1.3 m telescope (See Sect. 2.1),
equipped with a fiber-fed echelle spectrograph of MUSI-
COS design (Baudrand & Bohm 1992). Its fiber injection
and guiding unit (FIGU) is mounted in the second Nasmyth
focus of the telescope. The FIGU is connected to the calibra-
tion unit (ThAr hollow cathode lamp, tungsten lamp, blue
LED) in the control room and to the echelle spectrograph
itself in the room below the dome, where the temperature
is stable. The spectra were recorded by an Andor iKon-936
DZH 2048 × 2048 pixels CCD camera. The spectral range of
the instrument is 4250 – 7375 A˚ in 56 echelle orders. The
maximum resolution of the spectrograph reaches R ≈ 38 000
around 6000 A˚. The exposure time was 900 sec in all cases.
Usually three raw spectra were obtained during an observing
night and, subsequently, combined via IRAF task combine to
increase the signal-to-noise ratio (SNR). Three 900-sec ex-
posures correspond to about 0.27% of the orbital period, so
the orbital-motion smearing of spectral lines is negligible.
The data were reduced using IRAF package tasks, Linux
shell scripts, and FORTRAN programs similarly, as it was de-
scribed in Pribulla et al. (2015) and in Garai et al. (2017). In
the first step, master dark frames were produced. In the sec-
ond step, the photometric calibration of the frames was done
using dark and flat-field frames. Bad pixels were cleaned
using a bad pixel mask, and cosmic hits were removed us-
ing the program of Pych (2004). Photometrically calibrated
frames were combined to increase the SNR. Order positions
were defined by fitting Chebyshev polynomials to tungsten
lamp and blue LED spectrum. In the following step, scat-
tered light was modeled and subtracted. Aperture spectra
were then extracted for both object and ThAr frames, and
then the resulting 2D spectra were dispersion-solved. Two-
dimensional spectra were finally combined to 1D spectra re-
5 See http://astroutils.astronomy.ohio-state.edu/time/hjd2bjd.html .
MNRAS 000, 1–11 (2019)
4 Z. Garai et al.
Table 2. Log of spectroscopic observations, obtained at the
Skalnate´ Pleso Observatory. Table shows RV values and their ±1σ
uncertainties, sorted by the evening date.
Evening date RV values [km s−1] ±1σ [km s−1]
2018-09-12 −4.5 0.5
2018-09-19 −4.5 0.6
2018-09-20 −4.7 0.6
2019-02-15 −3.9 0.8
2019-02-16 −3.0 0.7
2019-02-17 −3.5 0.6
2019-02-18 −3.3 0.6
binned to 4250 – 7375 A˚ wavelength range with a 0.05
A˚ step, i.e. about 2 – 4 times the spectral resolution. Spec-
tra were analyzed using the broadening function (BF) tech-
nique, developed by Rucinski (1992), to get RVs. Because
the formal RV uncertainties found using the BF approach are
hard to quantify and depend on BF smoothing, they were
determined from SNR as follows. First we determined RV
uncertainties as 1/SNR (Hatzes et al. 2010). Subsequently,
we fitted the RV observations with initial uncertainties using
the code RMF, described in Sect. 3.2, and from the best fit we
obtained reduced χ2 (χ2
red
). In the next step, we rescaled all
uncertainties to get χ2
red
= 1. SNR of the spectra can be ob-
tained from the 1σ uncertainties as C/σ, where the scaling
constant C was found to be 21.5664 km s−1. Unfortunately,
we had to discard several spectroscopic measurements due
to problems with stability of the spectrograph. An overview
of the remaining 7 RV values with uncertainties is shown in
Table 2. In these 7 cases, systematic errors caused by the
spectrograph instability were on the level from 0.02 up to
0.1 km s−1.
3 ANALYSIS OF FOLLOW-UP
OBSERVATIONS OF THE XO-6 SYSTEM
Following our main scientific goals, we analyzed the multi-
color photometric data and RV observations in 2 steps. As
first, in Sect. 3.1, we analyzed the transits per passband.
During the next step, in Sect. 3.2, we simultaneously an-
alyzed all transits and RV observations. Here, we describe
our analysis procedure. Our results will be presented and
discussed, as well.
3.1 Analysis of transits per passband
As a first step we fitted the observed transits simul-
taneously in each passband, using the JKTEBOP6 code
(Southworth et al. 2004), which is based on the former EBOP
code (Popper & Etzel 1981). The JKTEBOP code is used to
fit a model to the light curves of detached eclipsing binary
stars in order to derive the radii of the stars as well as various
other quantities. It is very stable and has a lot of additional
features, including extensive Monte Carlo or bootstrapping
uncertainty analysis algorithms. It is also widely used for
transiting extrasolar planetary systems. During the fitting
6 See https://www.astro.keele.ac.uk/~jkt/codes/jktebop.html .
procedure 6 free parameters were adjusted, including the
sum of fractional radii (Rp + Rs)/a, the planet-to-star radius
ratio Rp/Rs, the orbit inclination angle of the planet i with
respect to the plane of the sky, the orbital period of the
planet Porb, the mid-transit time Tc, and the light-scale fac-
tor Lsf. The starting values of the parameters were taken
from Crouzet et al. (2017). Only the limb-darkening (LD)
coefficients were fixed during the fitting procedure. We used
the quadratic LD law. The corresponding coefficients were
linearly interpolated based on the stellar parameters of Teff =
6720 K, log g = 4.04 (cgs), and Fe/H = −0.07 (Crouzet et al.
2017) for B, V, R, or I passband, using the on-line applet
EXOFAST - Quadratic Limb Darkening7, which is based on
the IDL-routine QUADLD (Eastman et al. 2013). This soft-
ware interpolates the Claret & Bloemen (2011) quadratic
limb-darkening tables. To estimate the uncertainties in the
fitted parameters we used the JKTEBOP-task No. 8, which
executes Monte-Carlo simulations. This finds the best fit
and then uses Monte-Carlo simulations to estimate the un-
certainties in the parameters. The best fitting model is re-
evaluated at the phases of the actual observations. Gaussian
simulated observational noise is added, and the result is re-
fitted. This process is repeated, and the range in parameter
values found gives the uncertainty in that parameter. To
obtain final results we produced 10 000 random data real-
izations.
The JKTEBOP best-fit parameters calculated for the B, V,
R, and I passbands are summarized in Table 3 separately
and the corresponding phase-folded transit light curves of
XO-6b, overplotted with the JKTEBOP best-fit models are
shown in Fig. 1. Crouzet et al. (2017) published 3 param-
eters obtained in B, V, R, and I passbands: the normalized
semi-major axis a/Rs, the planet-to-star radius ratio Rp/Rs,
and the orbit inclination angle i. Since the JKTEBOP code cal-
culates the sum of fractional radii (Rp + Rs)/a instead of the
normalized semi-major axis a/Rs, we cannot directly com-
pare these parameter values. On the other hand, we can
compare the planet-to-star radius ratio and the orbit incli-
nation angle. Table 3 shows the discussed parameter values,
obtained by C17, as well. We can see that the precision of
the parameter values is similar. If we compare parameter val-
ues obtained for Rp/Rs and for i, presented by Crouzet et al.
(2017) and from this work, we can conclude that there is
more than 3σ difference in the case of the planet-to-star ra-
dius ratio in the R and I passbans, and in the case of the
orbit inclination angle in all passbands. Based on our pho-
tometric data, the planet XO-6b seems to be larger in the R
and I passbands and its orbit inclination angle seems to be
smaller than it was determined originally by C17.
Since this difference is interesting, we checked our
results by reproducing the best-fit models, obtained by
Crouzet et al. (2017). For this purpose we used the corre-
sponding best-fit parameters, published by C17. The param-
eter (Rp + Rs)/a was calculated from the parameters a/Rs
and Rp/Rs, and the quadratic LD coefficients were calcu-
lated based on the stellar parameters of Teff = 6720 K, log
g = 4.036 (cgs), m/H = 0.0, and Vmicro = 2 km s
−1, us-
ing the JKTLD8 code (Southworth 2015) identically as per
7 See http://astroutils.astronomy.ohio-state.edu/exofast/limbdark.shtml.
8 See https://www.astro.keele.ac.uk/jkt/codes/jktld.html .
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Table 3. An overview of JKTEBOP best-fit parameters. Lines marked with a ∗ are parameter values presented by Crouzet et al. (2017),
which were listed only for easier comparison with the corresponding values from this work. The weighted averages were calculated with
weights of 1/σ2, where σ is the uncertainty in each passband.
Parameters B V R I Weighted average
(Rp + Rs)/a 0.155(11) 0.148(8) 0.146(7) 0.149(9) 0.148(4)
∗a/Rs 9.2(4) 9.0(3) 9.0(4) 9.4(3) 9.20(19)
Rp/Rs 0.126(4) 0.118(2) 0.124(2) 0.123(2) 0.1220(11)
∗Rp/Rs 0.117(2) 0.1151(17) 0.1153(19) 0.1114(17) 0.1144(13)
i [deg] 83.7(7) 83.9(5) 84.4(4) 84.0(6) 84.0(2)
∗i [deg] 85.9(5) 86.0(3) 85.9(4) 85.9(3) 85.9(2)
Porb [days] 3.765038(11) 3.765049(8) 3.764980(6) 3.764971(11) 3.765004(4)
Tc − 2 456 652 [BJD] 0.691(4) 0.689(4) 0.719(3) 0.720(4) 0.7070(18)
Lsf [mag] −0.0010(3) −0.0012(3) −0.0010(2) −0.0004(3) −0.00092(13)
Crouzet et al. (2017). We reproduced the best-fit models of
C17 with the JKTEBOP-task No. 2, which calculates a syn-
thetic light curve (10 000 points between phases 0 and 1)
using the parameters in the input file. These synthetic light
curves were re-plotted onto the Fig. 1. We can clearly see
that these best-fit models do not fit our new observations
properly: in the cases of passbands B and V, only the tran-
sit depth is fitted well, while in the cases of passbands R
and I, the fit is completely inadequate, which is in agree-
ment with the more than 3σ difference in the parameter
Rp/Rs in these passbands.
The more than 3σ difference in the orbit inclination
angle can be due to a long-term change in this parameter
and it can be related to TTVs in the system (See Sect. 4).
We tested the possibility of a long-term change in the orbit
inclination angle by splitting our observations in R pass-
band into 2 parts. The first part contains our observations
from the year 2017 and the second part our remaining ob-
servations (See Table 1). There is a time-gap of about 3/4
year between the first and the second dataset. We fitted
these datasets independently using the JKTEBOP code (Fig.
2). During the fitting procedure only the orbit inclination an-
gle parameter i was freely adjusted, other parameters were
fixed to the best values, obtained during the previous fitting
procedure in R passband (See Table 3). As a result, we ob-
tained i = 84.8(4) and i = 84.6(2) deg for the first and the
second dataset, respectively, which means that there is no
long-term change in the orbit inclination angle, or it needs
more precise photometric data, or it appears on a longer
time scale only. Since our observations were collected during
2 years, such a time scale can be more than 2 years. Obser-
vations of C17 and our observations together were obtained
during 5 years, so we cannot rule out the possibility that
the mentioned difference in the orbit inclination angle de-
rived in this work and by C17 due to a long-term change.
Another possibility is a degeneracy between the parameters
Rp/Rs and i. Since C17 derived a smaller planet size with
a larger orbit inclination value, and we got a larger planet
size with a smaller orbit inclination value (see and compare
corresponding weighted average values in Table 3), this sce-
nario is also possible. During this analysis, based on the
mentioned 2 datasets in R passband, we found no evidence
for long-term Transit Duration Variations (TDVs).
3.2 Simultaneous analysis of transits and RV
measurements
As a next step, we fitted all observed transits and RV mea-
surements simultaneously. Since the JKTEBOP code cannot
fit light curves in 4 passbands simultaneously with RV mea-
surements, we developed an own code, called RMF (Roche
ModiFied), where the fitted parameters are simultaneously
calculated from multicolor photometric and spectroscopic
data. The software was prepared based on the ROCHE code,
which is devoted to the modeling of multi-dataset observa-
tions of close eclipsing binary stars, such as radial velocities,
multicolor light curves, and broadening functions (Pribulla
2004, 2012). During this analysis we used all 8 transits in
all passbands simultaneously, our 7 RV measurements, and
we also adopted 13 RV values presented by Crouzet et al.
(2017), which were obtained outside the transit, to better
cover the orbital phase with observations. The latter RV
observations were obtained between September 2013 and
January 2016 with the SOPHIE spectrograph at the Ob-
servatoire de Haute-Provence (OHP) in France. SOPHIE is
a cross-dispersed, fibre-fed echelle spectrograph, mounted on
the 1.93 m telescope at OHP, which can operate in two obser-
vation modes: in high-efficiency mode (R = 39 000) to favor
high throughput, or in high-resolution mode (R = 75 000)
to favor better precision. SOPHIE covers the spectral range
3870 – 6940 A˚ (Perruchot et al. 2008; Bouchy et al. 2009).
Since the RV measurements, published by C17, had an off-
set in comparison with our RV values (See Sect. 4 and Fig.
6), we shifted systemic radial velocities γ to zero km s−1, by
adjusting only the systemic RV parameter in the RMF code.
Up to 3 iteration steps were sufficient for our purposes. In
this way we could combine our and the adopted RV values.
An overview of the shifted 20 RV values are presented in
Table 4.
During the fitting procedure, we freely adjusted the
same 6 free parameters as in Sect. 3.1, except the sum of
fractional radii, because the code RMF uses the normalized
star radius Rs/a, instead of (Rp + Rs)/a. In addition, for
the spectroscopic measurements, we set free the RV semi-
amplitude K and the systemic radial velocity γ. Based on
the results of C17, we assumed circular orbit, therefore we
fixed the numerical eccentricity e to zero and the perias-
tron longitude ω to 90 deg. The LD coefficients were also
fixed during the fitting procedure, and in this case we used
the 4-parameter LD formula and the critical-foreshortening-
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Figure 1. The phase-folded transit light curves of XO-6b in the B, V, R, and I passbands for all nights and telescopes combined
(Observations), overplotted with the JKTEBOP best-fit model (red lines). We binned the data points only for better visualisation of the
transit shape, but we fitted individual data points. The reproduced best-fit models, obtained by C17, are also shown (blue lines).
angle approach (Claret 2018). The coefficients (a1, a2, a3,
a4, and µcri) were calculated for the B, V, R, and I pass-
bands by A. Claret (personal communication9), using the
same spherical PHOENIX-COND models as in Claret (2018).
Subsequently, we selected the coefficients for the stellar pa-
rameters of Teff = 6700 K, log g = 4.0 (cgs), and m/H = 0.0,
which very well correspond to the parent star XO-6. The un-
certainties in the fitted parameters were determined based
on covariance matrix. The RMF best-fit parameters are com-
paratively summarized in Table 5. The corresponding phase-
folded transit light curves of XO-6b, overplotted with the
RMF best-fit models are shown in Fig. 3, and the RV measure-
ments of XO-6 with the best-fit spectroscopic-orbit model is
presented in Fig. 4.
From Table 5 we can see that in comparison with C17,
we derived the parameter values with better accuracy in the
cases of the planet-to-star radius ratio Rp/Rs, orbital period
of the planet Porb, and in the case of the RV semi-amplitude
9 E-mail: claret@iaa.es.
K. These parameter values are in good agreement within
3σ, including the parameter values for Rp/Rs, previously dis-
crepant in the R and I passbands (See Sect. 3.1). The reason
is not a radical change in our best-fit estimate, but the rel-
atively large uncertainty in the parameter Rp/Rs, obtained
by C17 (in comparison with the values presented in Table
3). Based on our measurements, the planet XO-6b seems to
be about 10% larger, which is, however, only about 2σ dif-
ference. Furthermore, we derived the orbit inclination angle
i with the same uncertainty as per Crouzet et al. (2017). On
the other hand, we can calculate that there is about 9.5σ
difference between our derived value of i, and the value of
i presented in the discovery paper. This joint solution con-
firmed our previous results about the orbit inclination, ob-
tained during the analysis of transits per passband – we can
conclude again that based on our data, the orbit inclination
angle of the planet XO-6b seems to be smaller than it was
determined originally by C17. This difference can be due
to a long-term change in the orbit inclination angle, visible
on a longer time scale only, or, alternatively, it can be due
to a degeneracy between the parameters Rp/Rs and i. An-
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Figure 2. Photometric observations of XO-6b transits in the R
passband, splitted into 2 datasets, overplotted with the JKTEBOP
best-fit model (black lines). We binned the data points only for
better visualisation of the transit shape, but we fitted individual
data points. The graph shows that there is no evidence for long-
term TDVs, nor evidence for a long-term change in the orbit
inclination angle i.
Table 4. Log of shifted RV observations, used in our analysis. RV
values marked with a ∗ were adopted from Crouzet et al. (2017).
Table shows RV values and their ±1σ uncertainties, sorted by the
BJD.
BJD−2 400 000 RV values [km s−1] ±1σ [km s−1]
56551.65530 −0.49∗ 0.10
56560.65920 +0.07∗ 0.11
56560.66170 −0.10∗ 0.10
56723.38580 +0.38∗ 0.08
56974.54510 −0.17∗ 0.09
57363.62540 +0.04∗ 0.08
57378.49220 +0.22∗ 0.08
57383.47300 −0.08∗ 0.09
57384.53890 +0.15∗ 0.08
57399.37420 −0.13∗ 0.11
57402.39770 −0.19∗ 0.08
57402.67580 −0.10∗ 0.09
57405.51910 +0.04∗ 0.10
58374.55832 −0.90 0.50
58381.60650 −0.90 0.60
58382.55065 −1.10 0.60
58530.30396 −0.30 0.80
58531.34452 +0.50 0.70
58532.34586 +0.00 0.60
58533.34734 +0.30 0.60
other more than 3σ disagreement is in the mid-transit time
parameter values. Our derived value of Tc has bigger uncer-
tainty, but this can be due to the TTVs (See Sect. 4). The
derived orbital period of the planet can be also influenced
by this effect.
4 TRANSIT TIMING VARIATIONS OF XO-6B
Transit timing observations turned out to be a crucial tool
in the study of systems with known multiple transiting plan-
ets, see for example Holman & Murray (2005); Grimm et al.
Table 5. An overview of RMF best-fit parameters simultaneosly
calculated from photometric (B, V, R, and I passbands), and
spectroscopic data. Fixed parameters are listed without uncer-
tainties. Parameter values presented by Crouzet et al. (2017) were
listed only for easier comparison with the corresponding values
from this work.
Parameters Crouzet et al. (2017) This work
Rs/a – 0.132(3)
a/Rs 9.08(17) –
Rp/Rs 0.110(6) 0.1224(16)
i [deg] 86.0(2) 84.1(2)
e 0.0 0.0
ω [deg] 90.0 90.0
Porb [days] 3.765000(8) 3.765009(4)
Tc − 2 456 652 [BJD] 0.7124(5) 0.706(2)
Lsf [mag] – −0.00093(16)
K [km s−1] 0.20(7) 0.19(3)
γ [km s−1] – 0.00(2)
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Figure 3. The phase-folded transit light curves of XO-6b in the
B, V, R, and I passbands for all nights and telescopes combined,
overplotted with the RMF best-fit model (black lines). The model
was calculated based on simultaneous fit to the all photometric
and RV data.
(2018) and references therein. Periodic TTVs can also in-
dicate a third object in the system, which can be a stel-
lar object, or a brown dwarf, as well as a transiting, or a
non-transiting planet, see for example Holman et al. (2010);
Cochran et al. (2011); Ballard et al. (2011); Nesvorny´ et al.
(2012, 2013); Fabrycky et al. (2012); Ofir et al. (2014). Al-
though Crouzet et al. (2017) found no evidence for TTVs,
we decided to investigate the possibility of changes in the
timings of XO-6b transits. We were motivated by the O-C
diagram, presented in the ETD, which shows clear TTVs10.
Based on the data, presented in the ETD up to November
2019, there is a possibility that TTVs of XO-6b can be peri-
odic as well, which means that they can be also due to a third
object in the system. As a first step to investigate the possi-
10 See http://var2.astro.cz/ETD/etd.php?STARNAME=XO-6&PLANET=b.
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Figure 4. The shifted RV measurements of XO-6 (Observations),
phased with the orbital period of Porb = 3.765009 days, and over-
plotted with the RMF best-fit model (black line). The model was
calculated based on simultaneous fit to the all photometric and
RV data.
bility of the existence of a third object in the system of XO-6,
we constructed an own O-C diagram. We used 15 transits in
total: besides our 8 individual transits, we adopted 7 transit
observations from the ETD. The main criteria for transit
selection from the ETD were (1) the clear indication of the
used time-stamp of observations as JD, or HJD, and (2) the
quality of the photometric measurement. Every JD, or HJD
time-stamp was then converted to the BJDTDB, using the
on-line applets UTC2BJD11, or HJD2BJD12, respectively. Dur-
ing the next step, the linear trend, due to the second-order
extinction, was removed from the ETD transit light curves
and, finally, the outlier data points were removed. We used
a 3σ clipping (where σ is the standard deviation of the light
curve), as in the case of our photometric data (See Sect.
2.1). The resulting ETD light curves were used in the next
analysis.
As a next step we calculated the ”C” (”Calculated”)
times of the mid-transits. This is the first element to con-
struct the O-C diagram. We used the linear ephemeris for-
mula as
T0 = Tc + Porb × E = 2 456 652.706(2) + 3.765009(4) × E, (1)
were T0 corresponds to the ”C” value, and E is the epoch
of observation, i.e. the number of the orbital cycle from Tc.
From Table 5 we used the improved parameter values for
Tc and Porb to calculate T0 values. To determine the ”O”
(”Observed”) times of the mid-transits, we individually fit-
ted every transit event using the RMF code, but during this
fitting procedure we fixed every parameter to its best value
(See Table 5, column ”This work”), and we freely adjusted
only the mid-transit time parameter, i.e. the calculated ”C”
value of the selected transit event. The best-fit value of this
parameter is the wanted ”O” value. In such a way we could
construct our own O-C diagram. Uncertainties of individual
O-C values are propagated from uncertainties in the param-
eters Tc and Porb (See Eq. 1), and from uncertainties of ”O”
values. The final O-C dataset is summarized in Table 6 and
11 See http://astroutils.astronomy.ohio-state.edu/time/utc2bjd.html.
12 See http://astroutils.astronomy.ohio-state.edu/time/hjd2bjd.html.
Table 6. Log of O-C data used in our analysis. O-C values with
their ±1σ uncertainties are sorted by the epoch. The O-C val-
ues marked with a ∗ were calculated based on the adopted ETD
transits.
Epoch O-C [days] ±1σ [days]
299.0 −0.000800∗ 0.001100
312.0 −0.002700 0.000300
329.0 −0.002100 0.001500
333.0 −0.003300 0.000700
346.0 −0.009000 0.001700
388.0 −0.004600∗ 0.000800
393.0 −0.003557∗ 0.000019
401.0 +0.000400∗ 0.000400
414.0 +0.008800 0.001400
448.0 −0.006000 0.001700
465.0 −0.005700 0.000600
478.0 −0.009400∗ 0.000190
495.0 −0.009620∗ 0.000080
503.0 −0.005700∗ 0.000400
508.0 +0.000700 0.000400
the corresponding O-C diagram is plotted in Fig. 5. This di-
agram confirms the TTVs, presented in the ETD, moreover,
it seems to be periodic, as well, which indicates the presence
of an additional object in the system.
There are two plausible explanations of such TTVs.
(1) A third object in the system causing light-time effect
(LiTE). The parent star – transiting planet subsystem moves
around the common barycentre of a wider triple system. It
produces periodic variations in the observed transit times
with respect to the linear ephemeris of this system with
a period corresponding to the period of the third object
(Irwin 1952). (2) Another plausible explanation of periodic
TTVs could be resonant perturbations between the tran-
siting planet and another unknown low-mass planet in the
system. Resonant interactions, mainly mean-motion reso-
nances 1:2 and 2:3, are frequent among exoplanetary sys-
tems (Wang & Ji 2014). To investigate, which explanation
is more realistic, we first fitted the O-C values using the
OCFit code (Gajdosˇ & Parimucha 2019). It is a relatively
new software, but it was already used in Gajdosˇ et al. (2017,
2019a,b) with success. The package uses Genetic Algorithms
(GA) and Markov Chain Monte Carlo (MCMC) methods.
Unlike many others fitting routines, this routine does not
need any starting values of fitted parameters, only starting
intervals. These intervals can be quite large. Fitting using
the software is simple thanks to a very intuitive graphic
user interface. Currently, 9 most common models of peri-
odic O-C changes are included in this software. From these
offered models we used the LiTE model, which is based on
the light-time effect.
As first, we used the GA method to calculate the initial
parameter values. These values together with the estima-
tion of their uncertainties were finalized using the MCMC
method. To get final parameter values we used 106 itera-
tion steps. The OCFit best-fit parameters are summarized
in Table 7 and the O-C diagram, overplotted with the best-
fit LiTE model is shown in Fig. 5.This solution assumes a
third object in the system, which causes mid-transit time-
shifts in XO-6b transits of about ±14 min around the zero
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Table 7. An overview of OCFit best-fit parameters of the assumed
third object in the system XO-6, obtained from the LiTE model.
For more details see the text in Sect. 4.
Parameters LiTE model
Porb3 [days] 456(3)
Porb3 [years] 1.251(8)
a sin i3 [AU] 2.03(6)
e3 0.85(2)
T (0)3 [BJD] 2458184(2)
ω3 [deg] 53(3)
K3 [sec] 878(38)
K3 [min] 14.6(6)
f (M3) [M⊙] 5.3(5)
χ
2 406.08
χ
2
red
40.60
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Figure 5. The O-C diagram of 15 XO-6b transits. The red line
represents the OCFit best fit computed from the LiTE model.
value. This is the semi-amplitude K3, and it is clearly seen in
the O-C diagram. The orbital period of the predicted third
object (Porb3) is about 450 days. In Fig. 5, we can see that
the LiTE model fits the observations relatively well, the χ2,
or the χ2
red
value, which is the goodness-of-fit parameter, is
about 400 and 40, respectively. On the other hand, the model
requires quite eccentric orbit for the assumed third object
(e ≈ 0.8, with the pericenter longitude of ω3 ≈ 53 deg). The
model predicts the third object with a stellar mass. Since
the orbit inclination of this object i3 is unknown, using the
LiTE model we can calculate only its mass-function f (M3)
as
f (M3) =
(M3 sin i3)
3
M2
=
(a sin i3)
3
P2
orb3
= 5.3(5) M⊙, (2)
where M3 is the true mass of the third object, a is the semi-
major axis of the orbit of XO-6, and M is the total mass of
the system. Finally, the program also calculates the time of
pericenter passage of the predicted third object T(0)3, which
is 2 458 184(2) [BJD].
Since the LiTE model predicts a third object with a
stellar mass, we should observe large amplitude variations of
observed RV measurements of XO-6, which we can calculate
as
KRV3 =
2πa sin i3
Porb3
√
1 − e2
3
, (3)
where KRV3 is the semi-amplitude of the RV motion of the
parent star XO-6, induced by the predicted third object in
the system. Using the corresponding parameter values de-
rived from the LiTE model (See Table 7) we can obtain
the RV semi-amplitude of about 92 km s−1. Now, we can
analyze the RVs from the viewpoint of the assumed third
object. Previously, we shifted systemic radial velocities γ to
zero km s−1 (See Sect. 3.2). In this way we could combine
our and the RV values adopted from Crouzet et al. (2017).
This step was necessary, because we found that RV mea-
surements, published by C17, had an offset in comparison
with our RV values. The RV offset is about 2.5 km s−1 as it
is clearly seen in Fig. 6 (left panel). Although this offset is
too small in comparison with the prediction, theoretically,
it can be related to the assumed third object in the system.
To confirm or reject this relation, we tried to find a joint so-
lution of RV measurements and O-C observations using the
code RMF. All attempts to fit both datasets simultaneously
failed to provide a consistent solution, which means that
very probably there is no relation between the observed RV
offset and TTVs. There is no RV signal from the predicted
third object, as we can see in Fig. 6 (right panel). All RVs
are distributed close to the value of −5 km s−1. Although
there are some longer gaps in RV observations, as well as
relatively low number of these observations, we should ob-
serve the RV motion of XO-6, induced by the third (stellar)
object in the system, in different phases, therefore we should
obtain RV values from much larger interval, which is not the
case. This means that the first explanation, i.e. a third ob-
ject in the system causing LiTE seems to be unlikely. This
theory is supported by the fact that no indication of an-
other star is seen in the spectra, as it was reported also
by Crouzet et al. (2017). Therefore, the second explanation
seems to be more realistic: resonant perturbations between
the transiting planet XO-6b and another unknown low-mass
planet in this system.
5 CONCLUSIONS
We used the telescopes at AI SAS for follow-up observa-
tions of the newly discovered transiting exoplanet XO-6b.
We started our multicolor photometric and RV observa-
tions shortly after the discovery paper was published by
Crouzet et al. (2017). Our main scientific goals were to bet-
ter characterize the planetary system and to search for
TTVs. During two years of observations, between March
2017 and March 2019, we obtained 8 photometric transit
measurements in B, V, R, and I passbands, and 7 RV mea-
surements with our instruments. Unfortunately, we had to
discard several measurements due to the low data quality.
As first, we analyzed the observed transits per pass-
band, using the JKTEBOP code. During the next step, we an-
alyzed all observed transits and RV measurements simulta-
neously with the code RMF. Besides our 7 RV measurements,
we adopted 13 RV values from C17, which were obtained
MNRAS 000, 1–11 (2019)
10 Z. Garai et al.
-6.5
-6
-5.5
-5
-4.5
-4
-3.5
-3
-2.5
-2
 6500  7000  7500  8000  8500
R
ad
ia
l V
el
oc
itie
s 
[km
/s]
Time (BJD-2450000)
Observations: OHP
Observations: SP
f(x)
-50
 0
 50
 100
 6500  7000  7500  8000  8500
R
ad
ia
l V
el
oc
itie
s 
[km
/s]
Time (BJD-2450000)
Observations: OHP
Observations: SP
Predicted RVs: 3rd object
Figure 6. The RV values used in our analysis. The red points represent the 13 RV measurements adopted from Crouzet et al. (2017),
while the green points are our 7 RV values. The RV measurements were fitted with a linear function to better visualize the offset between
the two datasets (left panel). The RV measurements are compared with the spectroscopic orbit of the assumed third object in the system
XO-6, computed from the LiTE model using the RMF code (right panel).
outside the transit, to better cover the orbital phase with
observations. During the second part of our work we investi-
gated the timings of XO-6b transits. As first, we constructed
an own O-C diagram of XO-6b transits. We used our 8 tran-
sit measurements, and 7 observations were taken from the
ETD to increase the number of data points in the diagram.
Subsequently, we analyzed the resulting O-C diagram using
the LiTE model, included in the OCFit code. Finally, we
tried to find a joint solution of RV measurements and O-C
observations using the code RMF.
Based on our results we can conclude that the system is
quite interesting. Previously, C17 found that the planet XO-
6b orbits a relatively bright (V ≈ 10.2 mag), hot (Teff ≈ 6720
K), and fast rotating (v sin i ≈ 48 km s−1) parent star XO-6
on a prograde and misaligned orbit (λ ≈ −20 deg). Only a few
similar exoplanets are known. We refined several planetary
and orbital parameters. Based on analysis of transits per
passband, we found that our best-fit planet-to-star radius ra-
tio parameter values, Rp/Rs = 0.124(2) and Rp/Rs = 0.123(2),
differ more than 3σ in comparison with the values presented
by C17, Rp/Rs = 0.1153(19) and Rp/Rs = 0.1114(17), in R and
I passbands, respectively. Based on simultaneous analysis of
all observed transits and RV measurements, we found the
planet-to-star radius ratio parameter values in good agree-
ment within 3σ, but we derived this parameter with better
accuracy (Rp/Rs = 0.1224(16)) than it was presented in the
discovery paper (Rp/Rs = 0.110(6)). The difference in this
case is only about 2σ, which is about 10%, and if we take
Rs = 1.86 R⊙ as a radius of the parent star XO-6, we can
get the radius of the planet of Rp = 0.227(2) R⊙ instead
of Rp = 0.204(11) R⊙. Furthermore, we found a more than
3σ discrepancy in the orbit inclination angle parameter val-
ues. In all passbands we obtained smaller values of i than
C17. Based on simultaneous analysis of all observed transits
and RV measurements, we found the orbit inclination an-
gle of i = 84.1(2) deg, while Crouzet et al. (2017) obtained
i = 86.0(2) deg, which is about 9.5σ difference. We can con-
clude that based on our data, the orbit inclination angle of
the planet XO-6b seems to be smaller than it was determined
originally by C17. In addition, we tested the possibility of
a long-term change in the orbit inclination angle by split-
ting our observations in R passband into 2 parts, but we
found that there is no long-term change in this parameter,
or it needs more precise photometric data, or it appears on
a longer time scale only (more than 2 years). Another pos-
sibility is a degeneracy between the parameters Rp/Rs and
i. Another more than 3σ disagreement is in the mid-transit
time parameter values. This can be due to the TTVs, and the
derived orbital period of the planet can be also influenced
by this effect. During this analysis we found no evidence for
long-term TDVs.
Finally, we found that the system XO-6 shows TTVs.
These variations seems to be periodic with the period of
about 450 days, therefore, at the beginning of our analy-
sis we proposed two plausible explanations of such TTVs:
(1) a third object in the system causing LiTE, or (2) res-
onant perturbations between the transiting planet and an-
other unknown low-mass planet in the system. From the O-
C diagram we derived that the assumed third object in the
system should have a stellar mass, therefore significant vari-
ations are expected in the RV measurements of XO-6. We
found that RV measurements published by C17 are shifted
in comparison with our RV values. The RV offset is about 2.5
km s−1. On the other hand, this offset is too small in com-
parison with the RV semi-amplitude of about 92 km s−1,
corresponding to the LiTE model. Moreover, all attempts
to fit RVs and O-C data simultaneously failed to provide
a consistent solution. This means that the first explanation
of the observed TTVs seems to be unlikely and that more
realistic is the second explanation.
In the near future we would like to perform numerical
simulations to study mean-motion resonances with XO-6b
and to identify stable regions, where the additional planet
could exist for a long time. Recently, the system Kepler-410A
was studied in a similar manner by Gajdosˇ et al. (2019a),
and a small unknown planet with a mass of 1.5 MMars was
proposed as a perturber object, which causes the observed
TTVs in this system. In the near future, we also plan a high-
precision RV campaign, which will be needed to measure
the mass of the planet XO-6b with greater confidence. Our
RV measurements are not sufficiently precise to derive this
parameter. This is mainly due to the fast rotating parent
star, which complicates RV measurements.
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